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1. Introduction 
Cytochrome c is a protein occurring in all 
eucaryotic organisms. Its function and gross confor- 
mation has remained the same through evolution as 
indicated by the constancy of properties like its 
absorption spectrum, biological activity and redox 
potential [l]. 
Of the 103 amino acid ‘core sequence’ common to 
all types of cytochromes c so far sequenced 35 
residues are found to be constant [2]. The longest 
invariant sequence is the undecapeptide comprising 
residues 70-80. This segment is thought to be very 
important for the function of the haemoprotein: 
indeed the sulfur atom of methionine 80 is most 
probably the sixth ligand to the haeme iron, tyrosine 
74 participates to the mechanism of reduction of the 
haemoprotein by succinate cytochrome c oxido- 
reductase [3] and lysines 72 and 79 appear to be 
involved in binding with cytochrome c oxidase [4]. 
Yet, the undecapeptide 70-80 is not strictly 
invariant in all cytochromes c, since cytochrome c 
from Ascomycetes and higher plants has the lysine 
72 e-N-trimethylated [5 1. The biological role of this 
posttranslational modification is still unclear and has 
been proposed [6] that methylation of lysine 72 is 
more coincidental than specific. 
In investigations comparing the methylated and 
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unmethylated forms of iso-Icytochrome c from 
baker’s yeast, we have shown that methylation of 
lysine 72 does not affect the conformation [7] or 
the stability towards denaturation by different 
agents [8]. The two forms showed the same redox 
potentials, autooxidation parameters and capacity 
to serve as substrates to cytochrome c oxidase, 
cytochrome c peroxidase and succinate cytochrome 
c oxidoreductase [9]. Kinetics of digestion by 
protease A and B of baker’s yeast and by trypsin 
were identical for the two forms (Polastro, E., 
unpublished results). 
We report here that the interaction of cytochrome 
c with the yeast mitochondrion is affected by the 
methylation of lysine residue 72. 
2. Materials and methods 
Horse heart cytochrome c, type VI, was obtained 
from Sigma. The fluorescent probe, Dansyl-phospha- 
ditylethanolamine was a kind gift of Dr Tennenbaum. 
All other chemicals used were of the highest purity 
available. Methylated and unmethylated forms of 
iso-Icytochrome c from Saccharomyces cerevisiae 
were prepared as in [lo]. Complete oxidation of 
cytochromes c was achieved by treatment of the 
haemoproteins with potassium ferricyanide. 
Excess reagent was removed by filtration on a 
column of Sephadex G-25. 
Mitochondria from pig liver or horse heart were 
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obtained by the procedure proposed in [l 11. Yeast 
mitochondria were prepared as in [ 121. 
Endogenous cytochrome c was removed as in 
[13,14]. 
Protein concentrations were measured by the 
method in [ 151. 
Cytochrome c concentration was determined 
either by reduced minus oxidized spectra, using the 
extinction coefficients in [ 161, or by Ad10 measure- 
ment. A Cary 118 spectrophotometer was used. 
Cytochrome c binding to the mitochondria was 
assayed at 25°C in 0.225 M mannitol, 50 mM sucrose, 
50 mM MOPS buffer, pH 7.2. Binding was measured 
either according to the ‘direct binding’ method in 
[ 17-191 or by extrinsic fluorescence quenching using 
Dansylphosphaditylethanolamine as fluorescent 
probe [19,20]. 
Fluorescence spectra were obtained on a Hitachi 
Perkin Elmer MPF 2 A spectrophotometer. 
Association constants were determined either by 
double reciprocal plots or by Scatchard diagrams. In 
this last representation the following equation [ 191 
was used for the ‘direct binding’ study: 
r/A = Kn-Kr 
were r is no. nmol cytochrome c bound/mg mito- 
chondrial protein, A free cytochrome c concentra- 
tion, K association constant (I/K = dissociation 
constant) and n no. binding sites. 
In the fluorescence quenching study, where the 
amount of cytochrome c bound is not directly 
accessible, we made use of the following assump- 
tions : 
(0 
(ii) 
The amount of bound cytochrome c is always 
very small with regard to the quantity of 
cytochrome c added, so free cytochrome c 
concentration is assumed to be identical to the 
analytical quantity of cytochrome c added. 
Only ‘fluorescenf’ mitochondria free of 
cytochrome c contribute to the fluorescence 
intensity. 
The assumptions allow one to use the following 
‘simplified’ Scatchard equation: 
% F.I.Q./ (Cyt c) = K (% F.I.Q.)-KC 
where K is association constant, C a constant related 
to the no. binding sites and %F.I.Q. percentage 
fluorescence quenching (%F.I.Q. calculated from the 
equation, %F.I.Q. = 100’ (I#& wherefO and fare, 
respectively, the fluorescence intensity before and 
after cytochrome c addition; fluorescence intensity 
was measured using 350 nm for excitation and 
500 nm for emission). (Cyt c) is the analytical con- 
centration of cytochrome c added GM). 
3. Results 
Table 1 lists the different values obtained for the 
Table 1 
Cytochrome c 
Mitochondria 
Yeast (PM) 
is04 methylated 
Yeast (PM) 
iso- unmethylated 
Horse heart (NM) 
Yeast 0.04 * 0.0065 (f) 0.095 + 0.00; (0’ 0.122 f 0.035 (f) 
0.048 f 0.01 (bd) 0.11 f 0.014 (bd) 0.1 (bd) 
Horse heart 0.085 f 0.006 (f) 0.115 * 0.009 (f) 0.112 f 0.0015 (f) 
0.077 f 0.008 (bd) 0.1 (bd) 0.095 (bd) 
Pig liver 0.042 * 0.009 (f) 0.072 * 0.013 (0 Not tested 
f, fluorescence quenching method; bd, direct binding method 
Dissociation constants (1/Q of cytochrome c Interaction with mitochondria cytochrome c depleted, 
in 0.225 M mannitol, 50 mM sucrose, 50 mM MOPS buffer, pH 7.2, at 25°C 
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Fig. 1. Binding of various cytochromes c studied with cyto- 
chrome c-depleted yeast mhochondrla. (X) iso-I- methylated 
from baker’s yeast; (0) iso- unmethylated from baker’s 
yeast; (A) cytochrome c from horse heart. (A) By direct 
binding method, in 0.225 M mannitol, 50 mM sucrose 
50 mM MOPS buffer, pH 7.2, at 25°C. r, nmol bound cyto- 
chrome c/mg mitochondrial protein;d, concentration of 
free cytochrome c (PM). (B) By the fluorimetric method, 
the mitochondrla were incubated in 10 PM Dansyl-phospha- 
ditylethanolamlne in the same buffer as described above. 
Fluorescence intensity was measured using 350 nm for 
excitation and 500 nm for emission. %F.I.Q. is percentage 
fluorescence quenching (obtained by the formula %F.I.Q. = 
100’ (1 -flf,) where f, and f are, respectively, the fluores- 
cence intensity before and after cytochrome c addition); 
[ cyt c] analytical concentration of cytochrome c added 
OcM). 
dissociation constant of cytochromes c with the 
mitochondria isolated from yeast, pig liver and 
horse heart. The data are all the result of an average 
of 3-5 independent experiments. 
Figure 1 shows a Scatchard plot of cytochrome c
interaction with yeast mitochondrion, either by the 
‘direct binding’ method (A) or by fluorescence 
quenching measure (B). 
The fluorimetric study is somewhat gross, given 
the assumptions introduced to handle the experi- 
mental data, but also because the reabsorption of 
emitted light by the increasing amounts of 
cytochrome c added is not taken into account. 
We did not find correction by the formula of 
[2 1 ] suitable in this case, because of the turbidity 
of the solution due to the suspension of mito- 
chondria . 
However, since our aim was only to compare 
the binding constants and not to determine 
analytical or absolute values, and since these 
systematic errors were constant for all kinds of 
cytochromes investigated here, the relative values 
obtained by the fluorimetric method can be 
considered satisfactory for comparison studies. 
Whatever the method used, the methylated 
form of baker’s yeast appears to interact with the 
yeast mitochondrion 2-3-times more strongly 
than the unmethylated form or than the horse 
haemopro tein .
This difference is significant, given the statistical 
dispersion, between 20% and 30%. 
The difference of dissociation constants between 
methylated and unmethylated yeast iso-Icytochrome 
c is much less obvious when interacting with heterol- 
ogous mitochondria. Such an observation could 
perhaps uggest that methylation of cytochrome c
has become useless in animals and therefore has 
been deleted uring evolution. 
We have of course checked that the differences in 
dissociation constant were not merely an ‘artifact’ 
due to different oxidation states of the cytochrome 
c [l&19]. 
The number of binding sites of high affinity can 
be estimated irectly by the direct binding method, 
or indirectly by the fluorescence quenching. It seems 
to be identical for the three cytochromes c studied, 
some little variations existing, however, according to 
the origin of mitochondria. 
No significative differences, either in the number 
of binding sites, or in the dissociation constant, can 
be noticed in the low affinity binding zone [ 171. 
4. Discussion 
The data reported here strongly suggest that the 
methylation of lysine 72 of iso-I-cytochiome c 
from Sacchuromyces cerevisiae increase the affinity 
of the protein towards the mitochondrion. 
This conclusion is supported by two observations: 
1. The work in [ 181 has suggested that cytochrome 
c binds to the mitochondrial membrane at the 
site where methionine 65 is located. This residue 
can be surmised, from X-ray diffraction studies, 
to be spatially localized not very far from residue 
19 
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72 [22]. Moreover lysine 72 is thought o partici- 
pate in interactions with cytochrome c oxidase [4] . 
2. The studies [23] on the poky mutant (mi-I) of 
Neurosporu cram, containing up to 16-times 
the normal content of cytochrome c and having a 
very high proportion of unmethylated cytochrome 
c, have shown that the ratio of the methylated and 
unmethylated forms of cytochrome cwas 0.55 in 
the whole cell but that only the methylated form 
was extractable from the mitochondrial fraction. 
These authors have suggested that methylation of 
cytochrome c could reflect the binding of the haemo- 
protein to the mitochondrial matrix, or that the 
methylated form is bound to this organite more 
tightly, and does not leak out during purification of 
mitochondria [23]. 
Our results are in good agreement with this last 
hypothesis, which could be biologically significant 
since cytochrome c is synthesized outside the mito- 
chondrion, in the cytoplasm. By the mass action law, 
methylation of lysine 72, also occurring in the cyto- 
plasm [24], increasing the affinity of the haemoprotein 
for the mitochondrion, could reduce the amount of 
cytochrome cnecessary for cellular espiration. 
The role of the methylation of cytochrome c could 
thus be to facilitate its binding to the mitochondrion. 
From a molecular point of view, the trimethylation 
of lysine not only conserves and makes permanent a 
positive charge on the e-N-amino function of this 
amino acid, but also creates an additionnal external 
hydrophobic area [ 11. This center could be useful 
in either hydrophobic or ionic interactions with the 
mitochondrial membrane. 
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